1.. Introduction {#S1}
================

Over the last two decades, prevalence of obesity and metabolic syndromes (MS) such as non-alcoholic fatty liver disease (NAFLD) and type 2 diabetes mellitus (T2DM) have dramatically increased. In most cases, NAFLD and T2DM share the same pathology with an estimated 70--80% of diabetic patients having NAFLD when closely examined.^[@R1]^ Today, NAFLD is the most common cause of chronic liver disease worldwide.^[@R2]^ Twenty-five percent of world's adult population and up to 10% of children in developed countries are estimated to have NAFLD.^[@R2]^ The progression of non-alcoholic fatty liver (NAFL) to steatohepatitis (NASH) has already become a major contributor to the rising incidence in hepatocellular carcinoma (HCC), and the leading cause for liver transplantation in the United States.^[@R3]^ Intense efforts are being made to understand the mechanisms underlying this metabolic disease.

In NAFLD there is an excessive accumulation of triglycerides and cholesterol in the liver. Within the liver, cholesterol is metabolized to bile acids through two main biosynthetic pathways ([Fig. 1](#F1){ref-type="fig"}). These pathways are tightly regulated by feedback mechanisms. In recent years, it has been reported that dysregulation of this feedback signaling network significantly contributes to pathologies of NAFLD.^[@R4]--[@R6]^ Dysregulation of the bile acid biosynthetic pathways and subsequent bile acid levels in the liver, gut, and peripheral tissues affect glucose and lipid homeostasis, as well as, energy expenditure through bile acid receptors such as farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1 (Gpbar-1 or TGR5).^[@R4],[@R5]^ Albeit not considered a NAFLD model, there is evidence that excess accumulation of unusual bile acid metabolites produced by these pathways could initiate and potentiate hepatocyte toxicity and inflammation.^[@R7]^ As a result, a renewed interest has developed in the bile acid metabolic pathways.

Under physiological conditions in humans, the classical (or neutral) pathway accounts for most of the bile acid production, whereas the alternative (or acidic) pathway accounts for a much smaller portion (up to 10%) with more minor pathways contributing the remainder.^[@R8]^ However, with liver insult or in cirrhosis the acidic pathway can become predominant.^[@R9]^ From a developmental perspective, it is believed that the foremost role of the acidic pathway is to generate and control the levels of life sustaining regulatory oxysterols that help control cellular cholesterol and lipid homeostasis. Indeed, the acidic pathway is predominant in neonates.^[@R10]--[@R12]^ Oxysterols are known to regulate cholesterol synthesis and uptake through sterol responsive genes such as hydroxy-methylglutaryl-CoA reductase (HMGR) and low-density lipoprotein (LDR) receptor. They are also known to activate liver X receptor (LXR) to regulate fatty acid synthesis and cholesterol efflux; and, to activate peroxisome proliferator-activated receptor gamma (PPARγ) to increase fat movement out of cells.

This manuscript will review roles of the acidic pathway in regulation of cholesterol, carbohydrate, and energy homeostasis. It will discuss recent findings on the regulatory mechanism of this pathway and its contribution to metabolic syndrome development such as NAFLD and T2DM. Finally, it will review recent observations that have provided strong evidence for the acidic pathway's novel role in cardiovascular disease (CVD), breast cancer, the gut microbiome, Alzheimer's disease (AD), and Parkinson's disease (PD).

2.. Pathways of bile acid synthesis {#S2}
===================================

The key steps of the two major pathways of bile acid synthesis are shown in [Fig. 1](#F1){ref-type="fig"}. The neutral pathway is initiated by a highly regulated microsomal cytochrome P-450, cholesterol 7α-hydroxylase (CYP7A1). The 7α-hydroxylation of cholesterol is the rate-determining step in this biochemical pathway. 7α-Hydroxycholesterol (7αHC) is then converted to 7α-hydroxy-4-cholesten-3-one (C4) by 3β-hydroxy-Δ^[@R5]^-C27-steroid oxidoreductase (HSD3B7). C4 levels in serum generally reflect the rate of bile acid synthesis through the neutral pathway, and are often used as a biomarker for an estimation of the rate of bile acid synthesis *in vivo*.^[@R13]^ Subsequent, microsomal sterol 12α-hydroxylase (CYP8B1) determines the ratio of cholic acid (CA: 3α,7α,12α-trihydroxy-5β-cholanoic acid) to chenodeoxycholic acid (CDCA: 3α,7α-dihydroxy-5β-cholanoic acid).

The acidic pathway is initiated by sterol 27-hydroxylase (CYP27A1) located in the inner mitochondrial membrane. This enzyme has been shown to hydroxylate cholesterol to form (25R)-26-hydroxycholesterol (26HC) and 25-hydroxycholesterol (25HC), which are vital regulators of cholesterol/lipid homeostasis.^[@R14],[@R15]^ Most recently, we have reported that CYP27A1 also metabolizes cholesterol to 24(S)-hydroxycholesterol (24HC).^[@R16]^ The enzymatic mechanism for generating three oxysterols, and what controls the ratios of these oxysterols are unclear. 26HC can be hydroxylated to form 3β-hydroxy-5-cholestenoic acid (CA~27~-Δ^[@R5]^-3β-ol) by additional CYP27A1. Of note, 26HC is often erroneously called as 27-hydroxycholesterol. However, the systematic name of this compound should be (25R)-26-hydroxycholesterol.^[@R17]^ Unlike liver specific CYP7A1, which is expressed in hepatocytes, CYP27A1 is widely expressed in all tissues in the body.^[@R11],[@R18]^ The absence of *CYP27A1* leads to a devastating clinical phenotype in humans, cere-brotendinous xanthomatosis (CTX).^[@R18],[@R19]^ Although CYP27A1 catalyzes the first reaction of the acidic pathway, it is not the rate-limiting step of the entire pathway. Our laboratories have previously reported that cholesterol transport into the inner mitochondria membrane as mediated by the LXR induced steroidogenic acute regulatory protein (StarD1) is the essential rate-limiting step of this pathway.^[@R20],[@R21]^ 25HC, 26HC and CA~27~-Δ^[@R5]^--3β-ol are then rapidly 7α-hydroxylated by a microsomal oxysterol 7α-hydroxylase (CYP7B1), reducing their regulatory and cytotoxic properties. The resulting 7α-hydroxylated metabolites are then further converted to 3β,7α-dihydroxy-5-cholenoic acid (CA~24~-Δ^[@R5]^-3β,7α-diol) via multiple enzymatic reactions. This unsaturated bile acid is eventually converted to CDCA by Δ^[@R4]^-3-oxosteroid 5β-reductase (aldo-keto reductase 1D1, AKR1D1) and 3α-hydroxysteroid dehydrogenase (3αHSD).^[@R11]^ It should be noted that in the absence of CYP7B1, 26HC and CA~27~-Δ^[@R5]^-3β-ol cannot be metabolized to less toxic 7α-hydroxylated metabolites, expanding a developing toxic milieu. It is therefore not surprising that in the genetic CYP7B1 deficiency, infants rapidly show hepatic inflammation progresses to severe fibrosis.^[@R7],[@R22]--[@R24]^

Although the main stream of this pathway is the conversion of cholesterol to CDCA via mitochondrial oxysterol generation, other pathways are also present in humans and mice. 25HC can be generated by cholesterol 25-hydroxylase (CH25H) in the endoplasmic reticulum, leading to the synthesis of CDCA. In addition, 24HC which is largely produced by cholesterol 24(S)-hydroxylase (CYP46A1) in the brain, is carried to the liver by apolipoprotein E (ApoE) and is also metabolized to bile acids.^[@R25],[@R26]^ Oxysterol 7α-hydroxylase 2 (CYP39A1) and CYP7A1 hydroxylates 7α-position of 24HC,^[@R27],[@R28]^ and the resulting 7α,24-diHC is converted to CDCA in a similar manner. Most recently, Griffith *et al*.^[@R29]^ reported that Cyp3a11 hydroxylated (25S)-26-position of 7αHC (and C4) in *Cyp27a1* knockout mouse. This finding shows that cholesterol hydroxylation by Cyp27a1 is not the only point of entry to the acidic pathway of bile acid synthesis in mouse. The ability of synthesizing downstream sterols and bile acids without CYP27A1 and CYP7B1 maybe the reason why *Cyp27a1* and *Cyp7b1* knockout mice do not show clinical phenotypes such as autosomal recession,^[@R18],[@R19]^ and liver failure as seen in human.^[@R7],[@R22]--[@R24]^ Of note, most investigators believe that the acidic pathway generates only CDCA. However, in human hepatocytes, brain derived 24HC is reported to be metabolized not only to CDCA but also to CA.^[@R25]^ We have confirmed this bioconversion in the primary mouse hepatocytes as well.^[@R16]^ Also, Javitt's group reported that 26HC and CA~27~-Δ^[@R5]^-3β-ol metabolized to CA in rabbit.^[@R30]^ For CA generation, 12α-hydroxylation on the steroid nucleus is essential. However, it is uncertain whether CYP8B1 can recognize these side chain oxidized sterols and cholestenoic acids as a substrate. To the best of our knowledge, CYP8B1 does not 12α-hydroxylate the side chain oxidized sterols, 25-hydroxy-4-cholesten-3-one (C4--25-ol) and (25R)-26-hydroxy-4-cholesten-3-one (C4--26-ol).^[@R31],[@R32]^ Further investigation is needed to determine how CA is formed from these oxysterols and cholestenoic acids.

In mouse liver, most CDCA is rapidly metabolized to α-muricholic acid (α-MCA: 3α,6β,7α-trihydroxy-5β-cholanoic acid) and its 7β-epimer, β-muricholic acid (β-MCA: 3α,6β,7β-trihydroxy-5β-cholanoic acid).^[@R33]^ Bile acids are conjugated with the amino acids, taurine or glycine, by the action of amino acid N-acyltransferase (BAAT), and these conjugated bile acids are secreted into bile via bile salt export pump (BSEP). In the colon, conjugated bile acids are de-conjugated and 7α-dehydroxylated by bacterial bile salt hydrolase (BSH) and via the bile acid 7α-dehydroxylation pathway, respectively. As a result, CA and CDCA are converted to deoxycholic acid (DCA: 3α,12α-dihydroxy-5β-cholanoic acid) and lithocholic acid (LCA: 3α-hydroxy-5β-cholanoic acid), respectively. In the ileum, conjugated bile acids are secreted into portal blood via organic solute transporter α/β (OSTα/OSTβ) and circulated back to hepatocytes via Na-taurocholate co-transport peptide (NTCP). Approximately 95% bile acids are recovered and the 5% of bile acids that are lost in feces which can be compensated by de novo syn- thesis in the liver.

3.. Bile acid pool and composition {#S3}
==================================

Under physiological conditions, the total bile acid pool and its composition are strictly controlled by a coordinated regulation of expression of genes involved with synthesis, secretion, and transport of bile acids by the liver. The major components of human bile acid pool consist of CA, CDCA and DCA, and their ratio is roughly 4:4:2.^[@R34]^ However, the amount of DCA in the bile acid pool in humans can be quite variable. Bile acids in gallbladder bile are conjugated to either glycine or taurine, and the ratio is about 3 to 1.^[@R4],[@R34]^ Increasing expression of CYP7A1 is correlated with increasing rates of bile acid synthesis, and increasing biliary bile acid and cholesterol secretion. Furthermore, increasing the rate of bile acid synthesis increases fecal excretion, and reduces serum cholesterol levels by stimulating LDL receptor-mediated uptake of LDL cholesterol; thus improving the hyperlipidemic manifestations of diet-induced obesity and diabetes.^[@R35]^

A shift of bile acid synthesis from the classic pathway to the acidic pathway alters the hydrophilicity of the bile acid pool which results in reduced intestinal cholesterol absorption in mice. Although small amounts of CA can be produced, CDCA (or MCAs in mice) is the main bile acid product synthesized from mitochondrial oxysterols. CA has a low critical micellar concentration (*ca*. 50 μM) and is highly efficient in mixed micelle formation with cholesterol and phosphatidylcholine in bile and intestine, which eases the absorption of dietary cholesterol by enterocytes. In this regard, Cyp8b1 deletion to reduce CA pool in ApoE knockout mice slows the development of atherosclerosis.^[@R36]^ *Cyp8b1* knockout mice have improved glucose homeostasis by increased glucagon like peptide-1 (GLP-1) secretion.^[@R37]^ These mice are resistant to diet-induced obesity. It has been also shown that the increased ratio of serum 12α-hydroxylated bile acids (CA and DCA) to non-12α-hydroxylated bile acids (CDCA and LCA) is associated with insulin resistance in humans.^[@R38]^ The alteration in the hydrophilicity of the bile acid pool can also affect cellular bile acid signaling. CDCA is the most potent FXR agonist (EC~50~ = *ca*. 10 μM) followed by LCA and DCA.^[@R39]--[@R41]^ While, CA is the a much weaker FXR agonist (EC50 = *ca*. 0.59 mM), and UDCA and MCAs do not activate FXR.^[@R42]^ In *Cyp7a1* knockout mice, the alternative pathway is stimulated to produce bile acids to maintain a smaller, but more hydrophilic bile acid pool with reduced TCA and increased TMCAs; which reduces cholesterol/lipid absorption, antagonizes intestinal FXR activation to reduce ceramide synthesis, and improves glucose tolerance and insulin sensitivity.^[@R43]--[@R46]^

4.. Oxysterol signaling in lipid, cholesterol and glucose homeostasis {#S4}
=====================================================================

Oxysterols, 24HC, 25HC, and 26HC are key regulators of cellular cholesterol and lipid homeostasis. They have been reported to be endogenous LXR ligands.^[@R47]^ As illustrated in [Fig. 2](#F2){ref-type="fig"}, activation of LXR can stimulate reverse cholesterol transport via high-density lipoprotein (HDL) and reduce the body's cholesterol overload by inducing CYP7A1 to facilitate cholesterol metabolism through classical pathway, as well as, by inducing cholesterol transporters, including ATP-binding cassette transporters (ABCA1, ABCG5, ABCG8), and ApoE.^[@R48]^ In addition, LXR activation results in an increase in lipid synthesis in the liver through inducing the expression of sterol regulatory element binding protein-1c (SREBP-1c), fatty acid synthase (FAS), acetyl-CoA carboxylase 1 (ACC-1), and stearoyl-CoA desaturase 1 (SCD-1).^[@R49]--[@R51]^ LXR also controls the expression of genes involved in many other processes such as macrophage recruitment and activation, apoptosis and central nervous system myelination.^[@R52],[@R53]^

Oxysterols are able to bind and regulate the function of several other proteins which play a direct or indirect role in the regulation of cholesterol and lipids homeostasis.^[@R47]^ Insulin induced gene protein (INSIG) is a regulatory protein that controls the maturation of sterol regulatory element binding protein (SREBP), a transcription factor which upregulates the expression of enzymes involved in cholesterol and fatty acid biosynthesis.^[@R54]^ It has been shown that 25HC is able to bind INSIG, inducing an interaction between INSIG and SREBP cleavage-activating protein (SCAP) preventing SREBP-1c exporting and increased lipid biosynthesis. A similar binding to INSIG was observed for 24HC, 22(R)HC and 26HC.^[@R54]^ This interaction is central to control of oxysterols on cholesterol and lipid synthesis.

Niemann-Pick type C protein 1 (NPC1) is a membrane glycol-protein which resides primarily in the late endosomes, and functions to mobilize LDL-derived cholesterol out of the endosomes.^[@R55]^ This protein shares the sequence homology with other regulatory protein involved in the cholesterol homeostasis such as SREBP and SCAP.^[@R56]^ Mutation or absence of *NPC1* leads to a failure to transport cholesterol out of the late endosomes to the mitochondria and, thereby, decreasing the synthesis of 26HC through mitochondrial CYP27A1, and of 25HC through the endoplasmic reticulum/Golgi CH25H, respectively. Decreased cholesterol transport leads to reduced oxysterol synthesis and activation of LXR. Interestingly, Ma *et al*.^[@R57]^ have also provided evidence that oxysterol LXR activation is able to act in a feed-forward manner and up-regulate expression of NPC1 protein; driving the clearance of endosomal cholesterol.

5.. The regulatory mechanism of the acidic pathway of bile acid synthesis {#S5}
=========================================================================

In the neutral pathway, two mechanisms have been proposed for the feed-back regulation of *CYP7A1* gene transcription. In the liver, primary bile acids activate FXR to induce small heterodimer partner (SHP), which represses trans-activation of the *CYP7A1* and *CYP8B1* genes. In the intestine, primary bile acids activate FXR to induce fibroblast growth factor 15 (FGF15, or human orthologue FGF19), which is circulated to the liver to activate hepatic FGF receptor 4/Klotho signaling to inhibit *CYP7A1* gene transcription via extracellular regulated protein kinases 1/2 (ERK1/2)/c-Jun of the mitogen-activated protein kinase (MAPK) pathway.^[@R58],[@R59]^ In the liver, conjugated bile acids-activated sphingosine-1-phosphate receptor 2 (S1PR2) signaling activates the ERK1/2 and serine/threonine-protein kinase (AKT) signaling pathways to possibly modulate CYP7A1/CYP8B1 activity.^[@R60]^

The acidic pathway appears to lack the striking response seen with *CYP7A1* to feeding of bile acids or cholesterol, at least in mice.^[@R61]^ However, this pathway is highly regulated in several different ways. As illustrated in [Fig. 3](#F3){ref-type="fig"}, the pathway creates a feed-forward loop driven by LXR activating oxysterols. The cellular oxysterol levels are controlled by cholesterol delivery to mitochondria by StarD1 as well as by oxysterol metabolism by microsomal CYP7B1. Indeed, in primary rodents' hepatocytes, an increased expression of StarD1 significantly elevated oxysterol synthesis and subsequent bile acid synthesis.^[@R20],[@R21]^ Additionally, *Cyp7b1* knockout mice have significantly higher levels of hepatic oxysterols, 24HC, 25HC and 26HC.^[@R62]^ Of importance, CYP27A1 appears not to be a rate-determining enzyme of oxysterol synthesis. In this regard, overexpression of *Cyp27a1* in the primary rodent hepatocyte cultures only slightly elevated oxysterol and bile acid synthesis, whose rate was much lower than compared to *StarD1* overexpression.^[@R20]^ This is due to low cholesterol content in the inner mitochondrial membrane. Interestingly, little is known about regulation of StarD1 in the liver. StarD1 has been reported to be regulated by cytokines, PPARγ, RXR agonists, and by modified LDL.^[@R63]--[@R65]^

Several regulators have been reported for the expression of CYP7B1. Peripheral observations have provided evidence for the insulin signaling pathway as involved in the regulation of this enzyme. Reduced *Cyp7b1* mRNA expression was observed in the mouse models of insulin resistance, i.e. selective liver-specific insulin receptor knockout mice;^[@R66]^ and, lower expression of *Cyp7b1* mRNA was observed in T2DM mice.^[@R67],[@R68]^ Recently, induction of Cyp7b1 was reported to associate with the mechanisms involved in adaptive thermogenesis.^[@R69]^ Mice bred in a colder room showed significantly higher expressions of hepatic Cyp7b1 mRNA and protein compared to those bred at room temperature. These cold exposed mice had elevated fecal bile acid excretion and an altered gut microbiome. Taurine-conjugated lithocholic acid (TLCA), a secondary bile acid generated from CDCA by gut bacteria, is a potent TGR5 agonist which possibly activate brown adipose tissue (BAT) thermogenesis.^[@R70]^ Also, TGR5 activation leads to increased cAMP and stimulation of glucagon-like peptide1 (GLP-1) secretion from intestinal endocrine L cells. TGR5 activation leads to augmentation of insulin secretion from pancreatic β cells and stimulation of GLP-1 synthesis from α cells. Thus, enhanced glucose tolerance and insulin sensitivity is correlated with Cyp7b1 induction, making a feed-forward loop. This mechanism occurs independent of FXR regulation.

Chiang *et al*.^[@R71]^ indicated that the induction of Cyp7b1 expression by TGR5 may also go through pulsatile growth hormone (GH) signaling. This study showed significantly lower expression of hepatic Cyp7b1 mRNA and protein activity in fasted *TGR5* knockout mice. This lower expression of Cyp7b1 was considered due to high level of non-pulsatile GH secretion (GH resistance) of these mice. Since Cyp7b1 was shown to be down-regulated in the hepatocyte signal transducer and activator of transcription 5 A/B (*Stat5A/B*) deficient mice,^[@R72],[@R73]^ GH-Stat5 signaling is a possible inducer of *Cyp7b1*. However, there is also a report that transcriptional activity of *Cyp7b1* was not induced by GH.^[@R74]^ Therefore, further investigation is needed to resolve this issue.

It has been reported that *CYP7B1* has no FXR responsive element.^[@R75]^ However, our lab and others have observed modest down-regulation of murine Cyp7b1 by bile acid feeding at both the specific activity and mRNA levels.^[@R61],[@R76]^ This may be explained by an indirect feed-back regulation by the FXR-MAF bZIP transcription factor G (MAFG) pathway.^[@R77]^ In this pathway, bile acid activation of FXR induces the transcriptional repressor, MAFG, which then binds directly to a responsive element in the murine *Cyp7b1* gene promoter. Although *Cyp7b1* is not a direct FXR target gene, induction of an FXR-dependent pathway may account for the repression of *Cyp7b1* when hepatic bile acid levels are elevated.

6.. The acidic pathway in NAFLD and T2DM {#S6}
========================================

Dysregulated hepatic lipid metabolism contributes to NAFLD, and a condition which ranges from simple steatosis (NAFL) to steatosis combined with inflammation and necrosis (NASH) which can further progress to hepatic fibrosis and cirrhosis. In most cases, NAFLD and T2DM shares the same pathology. An estimated 70--80% of diabetic and obese patients have NAFLD condition.^[@R1]^ In NAFL and T2DM,^[@R66]--[@R68],[@R78]^ reduced hepatic CYP7B1 expression has been reported. With down-regulation of CYP7B1, oxysterols (i.e. 25HC and 26HC) are expected to be elevated in livers of these patients. Indeed, Ikegami *et al*.^[@R79]^ reported a significant increase in the serum levels of 4bHC, 25HC and 26HC in NAFLD patients. Together with cholesterol, chronically increased oxysterol levels in hepatocytes likely account for liver inflammation.^[@R80]--[@R83]^ Unpublished observations from our laboratory show a clear correlation with suppression of *Cyp7b1* mRNA, increased oxysterol levels, onset of inflammation with Western diet fed mice.^[@R84]^ In support of these findings, a genetic deficiency of *CYP7B1* in children leads to aggressive inflammation and fibrosis in association with a marked increase in these oxysterols and their 7α-dehydroxylated metabolites, CA~27~-Δ^[@R5]^-3β-ol and 3β-hydroxy-5-cholenoic acid (CA~24~-Δ^[@R5]^-3β-ol).^[@R7]^ (See [Fig. 1](#F1){ref-type="fig"}) Dai *et al*.^[@R22]^ reported that a patient with *CYP7B1* deficiency developed significant steatosis along with hepatitis. This observation suggested oxysterols can stimulate lipogenesis through activation of LXR/SREBP-1c pathway.^[@R49]--[@R51]^ In NAFL, lipogenesis is markedly up-regulated in concert with insulin resistance. This observation may provide an explanation for the increasing *de novo* fat synthesis in the face of already existing lipid excess. In this regard, elevated oxysterols, due to reduced CYP7B1 expression, chronically activates the LXR/SREBP-1c signaling to stimulate fatty acid synthesis. Therefore, increased oxysterols secondary to reduced CYP7B1 appear to initially contribute to the development of steatosis as they continuously accumulate along with 7α-dehydroxylated metabolites as previously described by Setchell *et al*.^[@R7]^ in a manner similar to *CYP7B1* deficient children. This dysregulation of oxysterol metabolism may drive NAFL to NASH (See [Fig. 2](#F2){ref-type="fig"}).

Unlike in simple steatosis, elevated CYP7B1 expression has been reported in NASH fibrotic liver.^[@R85]--[@R88]^ In these patients, serum total bile acid level is elevated with decreased CA composition suggesting that the acidic pathway is predominant.^[@R38],[@R89]--[@R92]^ Also, taurine conjugated bile acids are increased, whereas, unconjugated and glycine conjugated bile acids are decreased.^[@R93]^ An increased BAAT and decreased CYP8B1 expressions may help explain bile acid pool size/composition changes in patients with NASH.^[@R85]^ The altered expression of bile acid metabolism in NASH livers is believed to be a defense mechanism by altering the overall bile acid profile to protect against hepatotoxicity. In the rodent model of LCA-induced cholestasis,^[@R94]^ the alternative pathway is used for maintaining a smaller but more hydrophilic bile acid pool with reduced TCA and increased TMCAs and TDCA, which antagonizes intestinal FXR activation to reduce ceramide synthesis, and improve glucose tolerance and insulin sensitivity. It should be noted that this mechanism seems to work closely with gut microbiome, which will be discussed in the next section. Despite these observations, the mechanism of up-regulation of CYP7B1 in NASH liver remains unclear. Since the existing insulin resistance should down-regulate CYP7B1, another mechanism of induction of CYP7B1 must be activated. In summary, in NAFL and T2DM, elevated hepatic oxysterol levels appear able to drive lipogenesis through the LXR mediated upregulation of SREBP-1c, ChREBP, FAS, ACC-1, and SCD-1 in the presence of hepatic lipid excess.

7.. Contribution of the acidic pathway to gut microbiome and metabolic syndromes {#S7}
================================================================================

Bile acids appear to be a major regulator of the gut microbiota. Previously, we reported linkage of the liver health to fecal bile acid concentrations and gut microbiota composition.^[@R95]--[@R97]^ As cirrhosis progressed, bacterial dysbiosis was observed which was linked to lower bile acid levels entering the intestine. In the ileum and large bowel, conjugated primary bile acids (i.e. TCA and TCDCA) are hydrolyzed to free bile acids (i.e. CA and CDCA) by BSH expressed in bacteria genera *Bacteroides, Clostridium, Bifidobacterium, and Lactobacillus*. Primary free bile acids, CA and CDCA, are bio-transformed (7α-dehydroxylated) to toxic secondary bile acids DCA and LCA, respectively, that can change the bile acid pool/composition and alter host physiology. A small population of intestinal species in the genus *Clostridium, including C*. *scindens, hiranonis, C. hylemonae* (*Clostridium cluster XVIa*), and *C. sordellii* (*Clostridium cluster XI*) are capable of this biotransformation.^[@R98]^

The cold-mediated *Cyp7b1* induced mice showed increased fecal bile acid excretion as well as an altered microbiome.^[@R69]^ They were shown to have a lower composition of Lachnospiraceae and Deferribacteraceae family members, whereas elevated composition of Clostridiales and Porphyromonadaceae family members. Interestingly, increased fecal taurine excretion was also observed in mice exposed to cold temperature. Taurine is known to provide pathobionts in the gut with its' terminal electron acceptor (SO~3~ group), allowing for growth and expansion of deltaproteobacteria, *Biophila wadsworthia* in the gut.^[@R99]^ Indeed, high-fat diet is associated with increased taurine-conjugation in humans.^[@R100]^ The mechanism of cold-mediated *Cyp7b1* induction and that of the beneficial effects to the organism from the microbiome profile alteration remains unclear. It could be hypothesized that the alteration of bile acid profile affects the relative activation of two bile acid receptors, FXR and TGR5, which possibly changes the lipid and glucose metabolisms. Further investigation is needed.

In some studies, CYP7B1 expression in NASH livers has shown to be elevated,^[@R85]--[@R88]^ and the bile acid pool is increased with an increased ratio of secondary bile acids.^[@R89],[@R92],[@R101]^ However, NASH represents a continuum of disease from mild inflammation to fibrotic and necrotic findings; and most reports do not clearly separate this continuum. Therefore, the presentation of mild disease vs. more extensive findings are likely markedly different. With that understanding, there are reports that several differing bacterial species are associated with NAFLD. For instance, the abundance of Proteobacteria, Enterobacteria, and Escherichia,^[@R102]^ or Bacteroides appears to be higher in patients with NASH as compared to matched healthy individuals.^[@R103]^ It is also reported that the fecal microbiome of children with NASH showed abundant *Gammapro*-*teobacteria* and *Prevotella* compared to that of non-NASH obese children.^[@R104]^ Of note, an increase in Proteobacteria and decrease in Firmicutes were observed during progression of NAFLD, suggesting that the gut microbiome is in a state of flux during disease progression.^[@R105]^ Furthermore, elevated taurine metabolizing bacteria, *Biophila and Escherichia*, are reported in patients with NAFLD.^[@R89]^ As already mentioned, high-fat diet is known to associate with increased taurine-conjugation in humans.^[@R100]^ The increased bile acid pool and secondary bile acid composition (higher conjugated LCA) could suggest reduced intestinal and hepatic FXR signaling, and predict upregulation of TGR5 signaling; a milieu which has anti-inflammatory effects, promotes energy expenditure, and improves insulin resistance.

8.. NAFLD and breast cancer in association with increased circulating 26HC {#S8}
==========================================================================

26HC has been shown to bind to estrogen receptor (ER)-α and is described as selective estrogen receptor modulator (SERM).^[@R106],[@R107]^ Wu *et al*.^[@R108]^ demonstrated increased 26HC content in normal tissue of ER+ breast cancer patients as compared to cancer free controls; and, actual tumor 26HC content to be even higher. Furthermore, diminished *CYP7B1* expression in tumor tissue correlated with increased 26HC levels, suggesting CYP7B1 to be the rate-controlling step. These findings were corroborated by Nelson *et al*.^[@R109]^ Increased circulating 26HC levels are known to correlate with hypercholesterolemia, and be a risk factor for ER+ breast cancers and decreased response to endocrine therapies.^[@R110]^ Hence, higher circulating 26HC in NAFLD,^[@R66]--[@R68],[@R79]^ due to reduced hepatic CYP7B1 would seem to be a risk factor for tumor stimulation in ER+ breast cancer. However, circulating 26HC have not yet been found to correlate; suggestive that in breast tumor, 26HC may be locally modulated.^[@R108]^ Continued study is needed to determine the level of regulation.

9.. AD and PD {#S9}
=============

Approximately 25% of the cholesterol in the body is found in the brain, which accounts for 2% of the brain's weight.^[@R111]^ As cholesterol is not able to pass the blood-brain membrane barrier (BBB), all brain cholesterol is synthesized *de novo*. Cholesterol is converted to the more hydrophilic 24HC by CYP46A1 which can now cross the BBB and be excreted out of the brain.^[@R112]^ CYP46A1 is preferentially expressed in neurons and some astrocytes.^[@R113]^ The reported export rate of cholesterol from brain by 24HC is about 4--7 mg/day.^[@R112],[@R114],[@R115]^ Additionally, cholesterol can be converted to 26HC by CYP27A1 expressed in neurons, astrocytes and oligodendrocytes. However, most brain 26HC originates from the circulation,^[@R114],[@R116]^ and, its' tissue concentration is much lower than that of 24HC.^[@R117]^ The import rate of 26HC from circulation to brain is about 4--5 mg/day.^[@R112],[@R118]^ Thus, 24HC plays as an "exported oxysterol" out of brain, while 26HC plays as an "imported oxysterol" to brain. The reason and mechanism of this completely opposite direction of two oxysterol is unknown. Major pathways of brain cholesterol metabolism and transport are summarized in the [Fig. 4](#F4){ref-type="fig"}.

One could hypothesize, it is only with conditions of excess such as occurs with dysregulation of cholesterol metabolism in NAFLD (i.e. acidic pathway of cholesterol metabolism) that increased 26HC transport to the brain occurs. Or, as with what has been found to date in breast cancer, 26HC synthesized within the brain may be more locally modulated by CYP7B1 under yet to be understood conditions of metabolic dysregulation; allowing for a slowers more gradual accumulation and onset of oxysterol induced toxicity. Or, whether oxysterols might initiate inflammation in the brain as found in the aortas of *Cyp7b1* knockout mice, is also unclear (See [Section 10](#S10){ref-type="sec"}). However, as in breast tissue and in endothelial tissue, it appears the oxysterols and their metabolism could play an important role.

Described below are several possible pathologic manifestations of excess brain oxysterol levels. The roles of oxysterols in the pathogenesis of neurodegenerative diseases such as AD and PD are not yet completely defined. However, oxysterol homeostasis is tightly regulated, and their specific levels and ratio are strictly maintained depending on each part of brain. For instance, the ratio of 26HC/24HC is maintained as about 1/8 in the frontal cortex, 1/5 in the occipital cortex, and 1/10 in the basal ganglia.^[@R119]^ Alterations in these oxysterol levels and ratios may have widespread pathological ramifications. AD is characterized histopathologically by the deposition of amyloid-β (Aβ) plaques and neurofibrillary tangles-containing hyperphosphorylated tau protein in the brain. It has been reported that in human neuroblastoma SH-SY5Y cells,^[@R120],[@R121]^ and in rodents organotypic slices,^[@R122],[@R123]^ 26HC increases amyloid-β protein precursor (AβPP), Aβ and phosphorylated tau levels; while, 24HC has been shown to facilitate the cleavage of AβPP to the non-amyloidogenic pathway.^[@R121]^ Indeed, higher 26HC with decreased 24HC has been reported in AD brain as well as in plasma and cerebrospinal fluid.^[@R119],[@R124]--[@R126]^ While, PD is characterized by the aggregation of α-synuclein protein in Lewy body inclusions and the death of dopaminergic neurons in the *substantia nigra*. The treating human neuroblastoma SH-SY5Y cells with 26HC found a marked increase both in soluble and insoluble α-synuclein.^[@R127]^ Conversely, treatment with 24HC reduces levels of α-synuclein levels SH-SY5Y cells. These findings suggested that increased 26HC levels with reduced 24HC may have significant contribution to these pathologies. The regulation of AD- and PD-related proteins by oxysterol are worthy of further investigation *in vivo*.

In NAFL and insulin resistance, plasma 26HC and 25HC are markedly increased.^[@R79]^ These elevated oxysterols are likely transported to the brain; altering their specific levels and ratios. Our preliminary data (unpublished) show significant elevation in 26HC and 25HC levels in the brains of *Cyp7b1* knockout mice ([Table 1](#T1){ref-type="table"}). Adenovirus (Ad)-StarD1 infection to these mice led to further elevation of these oxysterol levels in their brain suggesting these oxysterols are likely peripherally delivered rather than locally synthesized. Thus, MS associated oxysterols are possibly associated with neurodegeneration by induction of these disease characteristic proteins at least in AD and PD. Further animal and human studies are necessary to confirm the hypothesis of vascular oxysterol driven neurodegeneration.

10.. CVD {#S10}
========

It is well appreciated that CVD is the leading cause of morbidity and mortality in NAFLD patients. Abundant evidence exists that associates NAFLD with endothelial dysfunction, increased coronary arterial calcifications and increased carotid intima media thickness.^[@R128],[@R129]^ Endovascular atherosclerotic plaques are known to contain high 26HC levels. As in breast cancer, existing evidence supports its source as being locally modulated.^[@R108]^ In response to subintimal cholesterol accumulation, signaling occurs, drawing in monocytes/macrophages to metabolize/remove the cholesterol/lipid, respectively. With inability to clear excess cholesterol/lipid, macrophages become lipid laden foam cells with well-described metabolic consequences.^[@R130]^ Interestingly, during their differentiation from monocytes to macrophages, increasing expression of StarD1 follows.^[@R65]^ And, although macrophages are unable to metabolize cholesterol to bile acids, there is rapid CYP27A1 hydroxylation of the mitochondrial StarD1 delivered cholesterol with active regulable CYP7B1 to reduce the oxysterols cytotoxic properties. The most abundant oxysterol synthesized is 26HC, accounting for the high endovascular plaque levels. Interestingly, although oxysterols can act as LXR ligands, attenuate cholesterol synthesis, and are precursors to bile acids, within macrophages oxysterol synthesis has been proposed as a physiologic means to deliver sterols from the peripheral tissues to the liver; however, this remains controversial.^[@R62],[@R131]--[@R133]^

Therefore, factors controlling CYP7B1's activity likely play a major role in the levels of tissue oxysterols. Umetani *et al*.^[@R134]^ utilizing *Cyp7b1* knockout and *ApoE* knockout mice models without altering dietary lipid intake, demonstrated that elevated tissue 26HC promoted atherogenesis; with strong supportive findings linking initiation to 26HC-ERα interaction. However, despite evidence that hormone replacement may not be beneficial to post-menopausal women, the fact remains that the risk of coronary heart disease increases dramatically after menopause. The marked inflammation and rapid progression to fibrosis within the liver in *CYP7B1* deficient children in their first year of life is strong support that oxysterols with their hydrophobic bile acid metabolites such a CA~27~-Δ^[@R5]^-3β-ol, an additional hydroxylation metabolite of 26HC, through toxicity induce subsequent inflammation.^[@R7]^

As in the liver, accumulating oxysterol levels within cardiovascular tissue are inflammatory. Whether oxysterols are carried to or formed within the tissue, or whether they directly initiate cytotoxicity or stimulate inflammation through receptor interaction such as described by Umetani *et al.*^[@R134]^ growing evidence suggests that with accumulating oxysterols the stage is set for the initiation and continued propagation of inflammation.

11.. Conclusion remarks {#S11}
=======================

Our recent observations have demonstrated that CYP27A1 makes three key regulatory oxysterols and renewed the importance of CYP7B1 as the key regulator of these oxysterol levels.^[@R16]^ Furthermore, preliminary observations have shown that StarD1 inhibition improves hepatocyte mitochondrial free cholesterol overload and injury.^[@R135]^ Finally, currently unpublished observations from our laboratory have shown a direct toxicity due to increased oxysterol levels as a function of CYP7B1's pathophysiologic downregulation.^[@R84]^

Interestingly, there is a report that a feeding of Chardonnay grapeseed flower successfully induced hepatic *Cyp7b1* expression in mice and improved fatty liver.^[@R136]^ Another report on a diet induced NAFL model mouse showed that UDCA supplementation induced *Cyp7b1* mRNA, and the mouse improved fasting glucose level and hepatic steatosis.^[@R137]^ To our knowledge, these are the only reports for successful induction of *CYP7B1 in vivo* by exogeneous agents. However, recent findings show insulin signaling to be a prime up-regulator of *CYP7B1*. Therefore, it is reasonable to think incretin mimetics such as GLP-1 agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors play a role as inducers of CYP7B1. Thus, recent findings are now being able to mechanistically connect insulin resistance to the transition of NAFL to NASH. More specifically in preliminary observations, our laboratory has been able to show a direct correlation amongst a suppressed CYP7B1, elevated oxysterol levels, and hepatocellular injury. The recent observations with adaptive thermogenesis provide for a potential physiological role for this pathway. The understanding of regulation of CYP7B1 and modulation of intercellular oxysterols would be a key to development of the MS intervention. In addition, measurement of serum oxysterols and their specific metabolites is potentially useful for specific non-invasive biomarkers for these pathogenic conditions.

Therefore, although the acidic pathway of cholesterol metabolism has been relegated one of lesser importance as it plays only a minor role in the liver in the rates of bile acid biosynthesis, the pathway has an important role in producing regulatory oxysterols and for making a specific bile acid pool; both of which are required for controlling lipid, cholesterol, carbohydrate metabolisms, and energy expenditure. Under physiological conditions, oxysterols have a finite half-life as they do not accumulate in cells. The half-life of 26HC in plasma is \~1 h.^[@R138]^ This short half-life of oxysterols help explains their roles as acute regulators of cellular cholesterol and lipid homeostasis. However, the chronic excess of oxysterols and the subsequently generated metabolites can be injurious to hepatocytes as well as have inflammatory ramifications in extrahepatic tissues. Targeting oxysterol metabolism represents a new treatment strategy for all inflammatory metabolic diseases.
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![Overview of the two major pathways of bile acid synthesis in mammalian liver.\
The classic neutral pathway (left) is initiated by a highly regulated microsomal CYP7A1. The 7α-hydroxylation of cholesterol is the rate-determining step in this biochemical pathway. Produced 7αHC is then converted to C4 by HSD3B7. C4 is the branch point to CA and CDCA. The main stream of the acidic pathway (right) is initiated by mitochondrial CYP27A1. This enzyme has been shown to hydroxylate cholesterol to form 24HC, 25HC, 26HC and CA~27~-Δ^[@R5]^-3β-ol, which are then rapidly 7α-hydroxylated by microsomal CYP7B1 for reducing their regulatory abilities. In patients with *CYP7B1* deficiency, CA~27~-Δ^[@R5]^-3β-ol is metabolized to CA~24~-Δ^[@R5]^-3β-ol without 7α-hydroxylation. In human and mice, CH25H in the endoplasmic reticulum also converts cholesterol to 25HC. In addition, 24HC produced in the brain is carried to the liver by ApoE and is also metabolized as same manner. CYP39A1 and CYP7A1 are reported to have 7α-hydroxylation activity toward 24HC in the liver. All the 7α-hydroxylated sterols and CA~27~-Δ^[@R5]^--3β,7α-diol are led to CA~24~-Δ^[@R5]^--3β,7α-diol by the multiple reactions of side chain cleaving, which is ultimately converted to CDCA. Most recently, Cyp3α11 is reported for (25S)-26-hydroxylation of 7αHC in mouse evidencing that mouse is capable of synthesis of down-stream sterols and bile acids bypassing CYP27A1 and CYP7B1. In human hepatocytes, 24HC is reported to be metabolized not only to CDCA but also to CA. Also, in rabbit, 26HC is shown to be metabolized to CA. Bile acids are conjugated with the amino acids, taurine or glycine, by the action of amino acid N-acyltransferase (BAAT). Conjugated bile acids are secreted into bile via bile salt export pump (BSEP). In the colon, conjugated bile acids are de-conjugated and 7α-dehydroxylated by bacterial bile salt hydrolase (BSH) and 7α-dehydroxylase, respectively. Abbreviations: AKR1D1, aldo-keto reductase 1D1; CA, cholic acid; CDCA, chenodeoxycholic acid; CH25H, cholesterol 25-hydroxylase; CYP7A1, cholesterol 7α-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; CYP8B1, sterol 12α-hydroxylase; CYP27A1, sterol 27-hydroxylase; CYP39A1, oxysterol 7α-hydroxylase 2; C4, 7α-hydroxy-4-cholesten-3-one; DCA, deoxycholic acid; HSD3B7, 3β-hydroxy-Δ^[@R5]^-C27-steroid oxidoreductase; LCA, lithocholic acid; MDCA, murideoxycholic acid; StarD1, steroidogenic acute regulatory protein; α-MCA, α-muricholic acid; β-MCA, β-muricholic acid; 3αHSD, 3α-hydroxysteroid dehydrogenase; 7αHC, 7α-Hydroxycholesterol; 24HC, 24(S)-hydroxycholesterol; 25HC, 25-hydroxycholesterol; 26HC, (25R)-26-hydroxycholesterol. Abbreviations of other sterol and bile acid intermediates are shown in [Appendix](#SD1){ref-type="supplementary-material"}.](nihms-1061674-f0001){#F1}

![The acidic pathway of bile acid synthesis in metabolic regulations.\
Induction of the acidic pathway increases oxysterols which primarily activates LXR. It results in an increase in lipogenesis through inducing the expression of SREBP-1c, ChREBP, FAS, ACC-1, and SCD-1. Upon fed state, glucose enters hepatocyte through the glucose transporter GLUT2 and is catalyzed into Acetyl-CoA *via* glycolysis and citrate cycle. LPK, a key enzyme in glycolysis, is under the transcriptional control of ChREBP. Therefore, chronic LXR activation strongly contribute to steatosis development. Whereas, LXR also plays a beneficial role in the degradation and the excretion of cholesterol whose excess can cause liver inflammation. Activation of LXR can stimulate reverse cholesterol transport and reduce the body's cholesterol overload by inducing CYP7A1 to facilitate cholesterol metabolism through classical pathway, as well as, by inducing cholesterol transporters, including ABCA1, ABCG5/8, and ApoE. However, as seen in NASH, chronic oxysterol excess may also increase the inflammation due to their lipotoxicity. Furthermore, oxysterols are able to bind to INSIG, thereby inducing a close interaction between INSIG and SCAP, thus preventing SREBP export to the Golgi and subsequent activation. This interaction is central in the control exerted by some oxysterols on cholesterol metabolism. Abbreviations: ABCA1, ATP-binding cassette transporter A1; ABCG5/8, ATP-binding cassette transporter G5/G8; ACC-1, acetyl-CoA carboxylase 1; ChREBP, carbohydrate response element (ChRE)-binding protein; CYP7A1, cholesterol 7α-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; FAS, fatty acid synthase; HDL, high-density lipoprotein; INSIG, insulin induced gene protein; LPK, liver pyruvate kinase; LXR, liver X receptor; SCAP, sterol regulatory element binding protein (SREBP) cleavage-activating protein; SCD-1, stearoyl-CoA desaturase 1; SREBP-1c, sterol regulatory element binding protein-1c.](nihms-1061674-f0002){#F2}

![The regulatory factors of the acidic pathway of bile acid synthesis.\
The pathway is regulated by a feed-forward manner by oxysterols. Cholesterol transport into mitochondria, where CYP27A1 generates oxysterols, is mediated by StarD1 which is induced by the LXR activation. The intercellular oxysterol levels are also controlled by CYP7B1. Insulin signaling pathway is primarily involved in the regulation of CYP7B1. Insulin resistance significantly suppressed CYP7B1 expression. In brain, GH-Stat5 signaling may activate TGR5 to up-regulate expression of CYP7B1. The cold exposure significantly increases Cyp7b1 mRNA and protein expression in mice. In the intestine, conjugated bile acid can be deconjugated by BSH. CDCA (TCDCA) is further bio-transformed (7α-dehydroxylated) to secondary LCA (TLCA). In the cold-mediated Cyp7b1 induction, increased fecal taurine excretion was also observed. Taurine can provide pathobionts in the gut with its' terminal electron acceptor (SO~3~ group), allowing for growth and expansion of deltaproteobacteria, *Biophila wadsworthia* in the gut. In BAT, secondary bile acids activate TGR5 to increase thermogenesis. In the intestinal L cells, secondary bile acids also activate TGR5 to increase cAMP and stimulate GLP-1 secretion. GLP-1 stimulates insulin secretion from β cells to improve insulin sensitivity which in turn enhance the *Cyp7b1* induction. In NASH fibrosis, increased CYP7B1 expression has been reported,^[@R85]--[@R88]^ suggesting that this mechanism is working for protecting against hepatotoxicity. Although *Cyp7b1* is not a direct FXR target gene, induction of FXR-MAFG pathway may account for the repression of *Cyp7b1* expression indirectly. Abbreviations: BAT, brown adipose tissue; BSH, bile salt hydrolase; CYP27A1, sterol 27-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; FXR, farnesoid X receptor; GH, growth hormone; GLP-1, glucagon like peptide-1; LCA, lithocholic acid; LXR, liver X receptor; MAFG, MAF bZIP transcription factor G; Stat5, signal transducer and activator of transcription 5; StarD1, steroidogenic acute regulatory protein; TCDCA, taurochenodeoxycholic acid; TGR5, G protein-coupled bile acid receptor; TLCA, taurolithocholic acid.](nihms-1061674-f0003){#F3}

![Major cholesterol metabolic pathways in brain.\
Cholesterol is synthesized de novo in brain. Cholesterol is not able to pass blood-brain barrier (BBB). The most predominant pathway of cholesterol excretion is by 24(S)-hydroxylation which is catalyzed by CYP46A1 expressed exclusively in the brain, particularly in neurons and some astrocyte. Cholesterol can also be converted to 26HC in the brain by CYP27A1 expressed in neurons, astrocytes and oligodendrocytes. However, most brain 26HC originates from the circulation. The import rate of 26HC from circulation to brain is reported to be 4--5 mg/24 h. 25-Hydroxylation can also be occurred in brain. 25HC and 26HC are 7α-hydroxylated by CYP7B1. Resulting 7α,25-diHC and 7α,26-diHC are converted to 3-oxo-Δ^[@R4]^ forms (C4--25-ol and C4--26-ol) and excreted out of brain. In AD, higher brain 26HC have been reported. A decreased brain 24HC and increased its' level in plasma as well as cerebrospinal fluid are reported. Significance of oxysterols to the pathogenesis of AD and PD are not yet defined. However, increased 26HC in MS can be transported to the brain which possibly alters the levels and ratio of 26HC and 24HC. Abbreviations: BAs, bile acids; CH25H, cholesterol 25-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; CYP27A1, sterol 27-hydroxylase; CYP46A1, cholesterol 24(S)-hydroxylase; HSD3B7, 3β-hydroxy-Δ^[@R5]^-C27-steroid oxidoreductase; 24HC, 24(S)-hydroxycholesterol; 25HC, 25-hydroxycholesterol; 26HC, (25R)-26-hydroxycholesterol. Abbreviations of other sterol and bile acid intermediates are shown in [Appendix](#SD1){ref-type="supplementary-material"}.](nihms-1061674-f0004){#F4}

###### 

Brain oxysterol levels of *Cyp7b1* knockout mice.

  Group                                               24HC          25HC                                          26HC
  --------------------------------------------------- ------------- --------------------------------------------- ---------------------------------------------
  WT Control (*N* = 3)                                41.3 ± 0.15   0.04 ± 0.03                                   0.75 ± 0.14
  *Cyp7b1*^−/−^ (*N* = 8)                             40.4 ± 0.62   7.17 ± 0.59[\*](#TFN2){ref-type="table-fn"}   6.78 ± 0.21[\*](#TFN2){ref-type="table-fn"}
  *Cyp7b1*^−/−^ (Ad-StarD1 overexpression, *N* = 4)   37.7 ± 1.92   12.5 ± 1.27[\*](#TFN2){ref-type="table-fn"}   9.77 ± 0.35[\*](#TFN2){ref-type="table-fn"}

Ad-β-Gal (Control) or Ad-StarD1 recombinant virus was injected to from the tail vain of 13-Week old B6/129 mice (WT) or *Cyp7b1* knockout mice to overexpress the selected gene as described.^[@R16]^ One week after adenovirus injection, mice were briefly anesthetized, and brain was harvested. Oxysterol levels were quantified by high performance liquid chromatography (HPLC) as described in the literature.^[@R16]^ By two tails unpaired t-test (homoscedastic),

*P* ≤ 0.001 vs. WT Control. Abbreviations: 24HC, 24(S)-hydroxycholesterol; 25HC, 25-hydroxycholesterol; 26HC, (25R)-26-hydroxycholesterol; Ad, adenovirus; StarD1, steroidogenic acute regulatory protein; WT, wild type.
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